immature mammalian and nucleated avian erythrocytes have been shown to possess the ability to synthesize long chain fatty acids from acetate, but this ability is apparently lost in the mature mammalian red cell (25) (26) (27) (28) .
The present study was undertaken to extend the information available on the mechanism of fatty acid synthesis in this readily accessible tissue and to define the metabolic lesion responsible for the reported inability of these cells to synthesize long chain fatty acids.
Methods
Preparation of substrate. The following substrates, cofactors, and enzymes were purchased commercially: ATP,1 TPN,1 TPNH,1 DPNH,l glucose-6-phosphate dehydrogenase,1 coenzyme A,2 acetic acid-l-14C-anhydride,s bicarbonate->C,3 and malonic acid-2-14C. 2 Acetyl-CoA and acetyl-1-14C-CoA were synthesized by the method of Simon and Shemin (29) and malonyl-CoA and malonyl-2-14C-CoA by the method of Trams and Brady (30) .
Preparation of enzymes. Hemolysates were prepared from heparinized blood from normal, nonfasting, adult volunteers without regard to diet. All operations were carried out at 0 to 4°C. The erythrocytes were sepa- TABLE I Pathway of fatty acid biosynthesis rated by the dextran flotation technique (31) . The supernatant was removed by aspiration and discarded. The erythrocytes were washed three times with cold isotonic saline (the final preparation contained always less than 1 leukocyte per 10,000 cells and often less than 1 per 100,000 cells). Hemolysis was accomplished by the addition of 2 parts of cold distilled water after which the hemolysate was buffered to 0.1 mole per L with an appropriate buffer (see below) and made 0.01 mole per L with respect to 2-mercaptoethanol. The preparation was centrifuged, either at 31,000 X g for 15 minutes, after which it was used, or at 105,000 X g for 1 hour. The latter preparation, in the experiments so designated, was further purified by ammonium sulfate precipitation (at a saturation of 40%o) and 2-hour dialysis against 0.05 M buffer and 0.01 M 2-mercaptoethanol. Enzymatic activity was expressed per milligram protein or milligram hemoglobin. Protein was measured by the method of Warburg and Christian (32) . Hemoglobin was measured as cyanmethemoglobin (33) .
Preparation of enzymes from liver and adipose tissue was carried out as previously described (2) .
Enzyme assays. Acetyl-CoA carboxylase was assayed as previously described, both by fixation of bicarbonate-4C with acetyl-CoA to form malonyl-P'C-CoA and by the hexane-extracted radioactive long chain fatty acids synthesized from acetyl-1-'4C-CoA in the presence of ATP, MnCl2, KHCO3, and citrate (2, 3) . The assay of palmitate synthetase has also been described elsewhere (2) . For the carboxylase assays the hemolysates were buffered with either Tris-HC1 or imidazole-HCl, pH 7.0. For the assay of palmitate synthetase, either KHPO4, pH 6.5, or imidazole-HCl, pH 6.8, was used as a buffer.
Preliminary identification of the radioactive products of the reaction as long chain fatty acids was carried out by saponification, followed by alkaline and acidic extractions with hexane, the acidic extract then being concentrated by evaporation and counted in a Packard liquid scintillation counter, as previously described (2) . More precise definitions for the reaction products of the erythrocyte incubations were carried out, as noted below, by the use of thin layer and gas liquid chromatography. Acetyl-CoA synthetase was assayed as described by Stacey, Latimer, and Tove (34 The reaction was run at 370 C for 30 minutes and stopped by the addition of 0.05 ml of 20% trichloroacetic acid. After brief centrifugation, 0.025 ml of the reaction mixture was applied to a 1-X 3-cm strip of Whatman 1 filter paper, which was then steamed for 30 minutes, dried, and placed directly into a counting vial containing 10 ml of phosphor 4 and counted in a Packard liquid scintillation counter.
Results
Palmitate synthetase. Both hemolysates and partially purified enzyme preparations catalyzed the conversion of acetyl-1-14C-CoA or malonyl-2-14C-CoA into hexane-extractable fatty acids (Table II). The total palmitate synthetase activity that could be recovered from mature erythrocytes was much less than that of mammalian liver or adipose tissue (Table III) . However, since hemoglobin comprises about 98% of the total erythrocyte protein, the specific activity of this enzyme becomes comparable to these other tissues if related to the nonhemoglobin protein contained in the hemolysates. In 13 donors palmitate synthetase activity of stroma-free hemolysates ranged from 1.17 to 8.10 Mu&moles of acetyl-CoA converted to fatty acids per mg hemoglobin per 60 minutes-. A satisfactory linear relationship between fatty acid synthesis and enzyme concentration was obtained ( Figure 1 ). The ammonium sulfate precipitation step resulted in an approximately tenfold purification. Only feeble and inconsistent enzyme activity was present in the unwashed centrifuged stromal fraction. When stored at 40 C in 0.01 M 2-mercaptoethanol, about 50%o of the original activity was lost in 5 days; without 2-mercaptoethanol, approximately 90%o of the activity was gone in 48 hours.
The requirements for this enzyme are similar to those described for other mammalian systems (1) (2) (3) (4) (5) (6) (7) (8) (9) . The results of a typical experiment are shown in Table II or acting through a diaphorase to reduce TPN in these crude preparations, was not clear. Interestingly, a TPNH generating system usually proved more effective than TPNH (Table II) . Nicotinamide, or DPNH, in addition to TPNH, had no significant additional effect. Omission of 2-mercaptoethanol from the incubation medium did not alter the amount of fatty acids synthesized but, as noted above, did influence the stability of the enzyme. The requirement for acetyl-CoA was present, but not absolute, due possibly to a contamination with the enzyme malonyl-CoA decarboxylase (that would yield acetyl CoA). The (Table III) . The possibility that very small r was amounts of malonyl-CoA were formed and then imwhen mediately decarboxylated by the enzyme malonyl-)t re-CoA decarboxylase cannot be rigorously excluded, knaly-but the amount of malonyl-CoA decarboxylase as I that assayed (Table II) is not great. The presence e C14 of an inhibitor of the carboxylase enzyme in mae C18 ture erythrocytes was also considered. However, (Figure 3) . The requirements of the reaction were similar to those of other mammalian acetyl-CoA synthesizing enzyme systems (15) (16) (17) (18) (19) , and the results of a typical experiment are shown in Table IV . The requirements for ATP and coenzyme A were absolute, and for a divalent cation nearly so (manganese and magnesium were interchangeable). The ATP requirement could not be replaced by uridine, cytidine, or guanidine triphosphates.
The addition of potassium fluoride enhanced, but was not essential for the reaction, and the omission of 2-mercaptoethanol had a similar effect (Table IV) . Both ammonium and potassium ions were found to stimulate the reaction, whereas lithium, and less consistently sodium ions, caused inhibition of the reaction at similar concentrations (0.01 M). Acetate was the only short chain fatty acid catalyzed by this enzyme system. Small amounts of propionate-1-14C, but no butyrate-1-14C, hexanoate-1-14C, or octanoate-l-14C were fixed.
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A significant contribution by contaminating leukocytes to the activity of this enzyme seems unlikely for the same reasons as described above for palmitate synthetase. There was no correlation between the leukocyte count of the donor and the acetyl-CoA synthetase activity found in the washed erythrocyte hemolysate (Figure 4) .
Acetate-1-14C incorporation into fatty acids. The demonstration of both acetyl-CoA synthetase and palmitate synthetase suggested that the overall synthesis of fatty acids from acetate could be accomplished if the deficient acetyl-CoA carboxylase step were bypassed by the addition of malonylCoA. However, initial attempts to show this conversion were unsuccessful until the large difference in pH optima for the two reactions was appreciated ( Figure 5 ). As described in Table V palmitate synthetase. Under these conditions the incorporation of acetate into fatty acids could be repeatedly demonstrated. Here again, despite the addition of acetyl-CoA carboxylase cofactors, the requirement for malonyl-CoA was virtually absolute. These experiments also gave added validity to the assumption that a major part of the radioactive acetate fixed was as acetyl-1-_4C-CoA.
Discussion
The results of the present investigation indicate a close similarity between the fatty acid synthesizing system of human red cells and other mammalian tissues. All are in the particle-free ("soluble") portion of the cell, apparently synthesize long chain fatty acids with malonyl- (35) .
The finding of palmitate synthetase in mature erythrocyte extracts provides inferential evidence that fatty acid synthesis occurs by the malonylCoA pathway in younger precursors of the red cell series. A deficiency of acetyl-CoA carboxylase would explain the reported inability of the mature cell to synthesize fatty acids from acetate (25, 26, 28) . The possibility that malonyl-CoA decarboxylase was decarboxylating the malonylCoA (to form acetyl-CoA) as fast as it was synthesized seems unlikely because of the relatively small amounts of this enzyme demonstrable.
Several investigators have reported that mature human erythrocytes retain the ability to carry out de novo synthesis of fatty acids and other lipids from acetate or glucose (36) (37) (38) (39) (40) (41) . Such conclusions are at variance with our study and those of other workers (25, 26, 28) , some of whom have suggested that these systems may have been contaminated with leukocytes and platelets. The mature human erythrocyte, although incapable of de novo fatty acid biosynthesis, apparently retains the ability to incorporate preformed fatty acids into membrane lipids (42, 43) .
The site of the block in fatty acid biosynthesis described in this study reinforces the pivotal role of the enzyme acetyl-CoA carboxylase in the regulation of fatty acid biosynthesis. This enzyme is apparently rate limiting in adipose tissue and liver (2, 3, 7) . In addition, alterations in fatty acid synthesis can be ascribed to parallel changes in carboxylase activity in a number of situations: 1) the stimulation by tricarboxylic acid cycle intermediates, most notably citrate and isocitrate (44) (45) (46) ; 2) the stimulation by preincubation with mitochondria (47); 3) the diminution in enzymatic activity secondary to starvation, fat feeding, and diabetes mellitus (7, (48) (49) (50) ; and 4) the inhibition by coenzyme A esters of long chain fatty acids (51) .
The results of the present study are therefore in keeping with the growing body of evidence implicating the level of acetyl-CoA carboxylase activity as playing a critical role in the control of fatty acid biosynthesis. Summary Long chain fatty acid synthesis from acetate has been studied in cell-free preparations of human erythrocytes. The 
